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 ABSTrACT. Working with subsistence whale hunters, we tagged 19 mostly immature bowhead whales (Balaena mysticetus) 
with satellite-linked transmitters between May 2006 and September 2008 and documented their movements in the Chukchi 
Sea from late August through December. From Point Barrow, Alaska, most whales moved west through the Chukchi Sea 
between 71˚ and 74˚ N latitude; nine whales crossed in six to nine days. Three whales returned to Point Barrow for 13 to 33 
days, two after traveling 300 km west and one after traveling ~725 km west to Wrangel Island, Russia; two then crossed the 
Chukchi Sea again while the other was the only whale to travel south along the Alaskan side of the Chukchi Sea. Seven whales 
spent from one to 21 days near Wrangel island before moving south to northern Chukotka. Whales spent an average of 59 days 
following the Chukotka coast southeastward. Kernel density analysis identified Point Barrow, Wrangel Island, and the northern 
coast of Chukotka as areas of greater use by bowhead whales that might be important for feeding. All whales traveled through 
a potential petroleum development area at least once. Most whales crossed the development area in less than a week; however, 
one whale remained there for 30 days. 
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petroleum development, kernel density
rÉSuMÉ. De concert avec les pêcheurs de baleines de subsistance, nous avons apposé des transmetteurs satellitaires sur 19 
baleines boréales (Balaena mysticetus) pour la plupart immatures entre les mois de mai 2006 et septembre 2008, puis nous 
avons tenu compte de leurs mouvements dans la mer de Tchoukotka de la fin août jusqu’au mois de décembre. À partir de Point 
Barrow, en Alaska, la plupart des baleines se déplaçaient vers l’ouest dans la mer de Tchoukotka entre 71˚ et 74˚ N de latitude; 
neuf baleines ont fait la traversée en six à neuf jours. Trois baleines ont regagné Point Barrow pendant 13 à 33 jours, dont deux 
après avoir franchi 300 kilomètres en direction ouest et une après avoir franchi environ 725 kilomètres en direction ouest 
jusqu’à l’île Wrangel, en Russie; ensuite, deux baleines ont traversé la mer de Tchoukotka de nouveau tandis que l’autre était la 
seule baleine à se déplacer vers le sud le long du côté de la mer de Tchoukotka situé en Alaska. Sept baleines ont passé de un à 
21 jours près de l’île Wrangel avant d’aller au sud du côté nord de Tchoukotka. Les baleines ont passé, en moyenne, 59 jours à 
suivre la côte de Tchoukotka vers le sud-est. L’analyse de la densité des noyaux a permis de déterminer que Point Barrow, l’île 
Wrangel et la côte nord de Tchoukotka sont des régions plus grandement utilisées par les baleines boréales, régions qui peuvent 
être importantes aux fins de l’alimentation. Toutes les baleines ont traversé une zone de mise en valeur éventuelle du pétrole au 
moins une fois. La plupart des baleines ont traversé la zone de mise en valeur en moins d’une semaine. Cela dit, une baleine est 
restée à cet endroit pendant 30 jours. 
Mots clés : baleine boréale, Balaena mysticetus, télémétrie satellitaire, mouvements à l’automne, mer de Tchoukotka, migration, 
utilisation de l’habitat, mise en valeur du pétrole, densité des noyaux
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inTroDuCTion
Bowhead whales (Balaena mysticetus) have been critical to 
the nutritional and cultural health of indigenous people of 
Alaska, russia, and Canada for at least the last 2000 years 
(Stoker and Krupnik, 1993), and they likely play a signifi-
cant role as zooplankton grazers in Arctic seas (Brodie, 
1980; Lowry and Frost, 1984; Lowry, 1993). Further, bow-
head whales are potentially vulnerable to impacts of human 
activities such as the expansion of shipping and exploration 
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and the extraction of petroleum resources. Thus, the West-
ern Arctic stock of bowhead whales, also known as the 
Bering-Chukchi-Beaufort stock (rugh et al., 2003), or the 
Bering Sea stock (Moore and reeves, 1993), has been the 
focus of considerable research.
The general migration pattern of bowhead whales has 
been documented from aerial surveys (e.g., Brueggeman, 
1982; Richardson et al., 1985; Ljungblad et al., 1986; Moore 
and Clarke, 1992; Treacy, 1992, 2002; Monnett and Treacy, 
2005; Rugh et al., 2008), from shore- and ship-based obser-
vations (e.g., Carroll and Smithhisler, 1980; Rugh and Cub-
bage, 1980; Miller et al., 1986; Moore et al., 1995; Melnikov 
et al., 2004), from limited telemetry studies (Wartzok et 
al., 1990; Mate et al., 2000), and from the timing of indig-
enous whaling (Marquette, 1978; Durham, 1979; Stoker and 
Krupnik, 1993; Braham, 1995; Suydam and George, 2004; 
noongwook et al., 2007). The Western Arctic stock win-
ters in the Bering Sea (Brueggeman, 1982), and subsistence 
whalers regularly observe bowhead whales west of St. Law-
rence island from December to February (noongwook et 
al., 2007). 
in the spring (April and May), bowhead whales migrate 
north through the Chukchi Sea in the flaw lead formed 
when winds and currents separate the pack ice from the 
landfast ice (Braham et al., 1980; Ljungblad et al., 1986; 
George et al., 2004). Although this shear zone occurs near 
the Alaskan coast, its distance from shore is highly variable 
(LaBelle et al., 1983; Stringer and Groves, 1991). 
Most bowhead whales are thought to summer in the east-
ern Beaufort Sea (Braham et al., 1980; Fraker and Bock-
stoce, 1980), before returning west between September and 
november along the Beaufort Sea coast to Point Barrow 
(Treacy, 2002). During aerial surveys conducted between 
1979 and 1986, Ljungblad et al. (1987) began seeing bow-
head whales in the northeastern Chukchi Sea in mid to 
late September. The whales’ migration route once they 
pass Point Barrow and enter the Chukchi Sea is not well 
known, but the majority of whales are believed to move 
southwest towards the Chukotka Peninsula. During aer-
ial surveys from late September to early november, most 
whales in the Chukchi Sea were observed on headings to 
the west southwest and were believed to cross the northern 
Chukchi Sea near Herald Shoal (~70˚ N). A few observa-
tions to the north near 72˚ N indicated that some whales 
traveled northwest from Point Barrow in light ice years, and 
some were thought to travel along the Alaskan side of the 
Chukchi Sea from Point Barrow to icy Cape in heavy ice 
years (Moore, 2000; Moore et al., 2000). The whaling vil-
lages of Wainwright, Point hope, and kivalina do not hunt 
bowhead whales in the fall because few whales are acces-
sible at that time, so the migration route beyond icy Cape 
was unclear. Subsistence whalers have also observed more 
whales migrating near the western coast of Alaska in years 
with heavy sea ice (huntington and Quakenbush, 2009a). 
observations by Chukotka residents and research cruise 
reports indicate that bowhead whales move southeast along 
the northern Chukotka coast toward the Bering Strait from 
late August through November (Bogoslovskaya et al., 1982; 
Miller et al., 1986; Melnikov and Bobkov, 1993; Melnikov 
et al., 1997). Large concentrations of whales have been 
observed near Vankarem (Fig. 1) in october during ship-
board surveys (Johnson et al., 1981; Marquette et al., 1982; 
Miller et al., 1986; Moore et al., 1995). Passage through 
the Bering Strait begins in october and continues through 
early november (Moore and reeves, 1993), and by Decem-
ber bowhead whales are again observed near St. Law-
rence island (noongwook et al., 2007). Moore and reeves 
(1993:337) provide a good summary (and map) of the gen-
eral migration.
Far less is known about the distribution of wintering bow-
head whales, but observations suggest that most bowheads 
overwinter along the edges of the pack ice and in polynyas 
in the western and central Bering Sea (Brueggeman, 1982). 
residents of St. Lawrence island see bowhead whales north 
of the island in years with little multiyear ice, and their rus-
sian neighbors have reported seeing bowheads in polynyas 
along the southern coast of the Chukotka Peninsula in win-
ter (noongwook et al., 2007). unpublished russian litera-
ture also suggests that bowhead whales winter along the 
southern Chukotka Peninsula (Ainana et al., 1997).
The need for a better understanding of bowhead whale 
migration and movement patterns in the Chukchi Sea has 
increased substantially because of recent increases in human 
activities and decreases in sea ice. Specifically, in 2008, the 
u.S. Minerals Management Service (MMS) offered Lease 
Sale 193, which opened ~120,000 km2 of the Chukchi Sea 
to activities associated with oil and gas development (u.S. 
Federal register 73 January 2, 2008) (Fig. 2). Also, as sea 
ice decreases in extent and thickness, shipping will increase 
FiG. 1. Study area and outline for the grid of 5 km2 cells (dotted line) used for 
kernel density estimation.
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within the Chukchi Sea to support exploration and extrac-
tion of petroleum resources and make use of new, ice-free 
shipping lanes (ACIA, 2004; Treadwell, 2008). Ships using 
the northern Sea route (along the northern russian coast) 
and the northwest Passage (along the northern Alaska coast 
and through the Canadian Archipelago) pass through the 
Bering Strait and the Chukchi Sea. There are concerns that 
1) oil and gas activities and shipping may affect bowhead 
whale feeding and migration patterns, with possible nega-
tive effects on energetics, which could result in population 
level effects, and 2) altered migration patterns and declin-
ing populations of whales may affect the subsistence har-
vest and have a significant impact on Alaska Native culture. 
Whale migration and movement patterns likely are related 
to sea ice coverage, which has been decreasing in extent 
and thickness, making the effects of human activities more 
difficult to determine. Hence, understanding migration pat-
terns of bowhead whales and the behavioral and ecologi-
cal mechanisms that drive those patterns will be critical to 
assessing how bowhead whales may respond to reduced ice 
cover. This information will be needed in order to mitigate 
the impact of oil and gas activities and delineate safe ship-
ping lanes.
Although the overall direction and timing of bowhead 
whale migrations in the Chukchi Sea are known, little is 
known at more specific spatial and temporal scales. Most 
of the information comes from subsistence whalers, whose 
knowledge is considerable but is specific to their near-
shore whaling areas, and from aerial survey efforts in the 
Chukchi Sea, which have been limited compared to survey 
efforts in the Beaufort Sea (Miller et al., 1986). in particu-
lar, most bowhead whales are assumed to pass through the 
central Chukchi Sea (Moore and reeves, 1993), but it is not 
known whether the main migration passes through the oil 
and gas exploration and development area (lease area) or 
if it does, how long whales remain in the lease area. Areas 
where bowhead whales congregate within the Chukchi Sea 
are also unknown, with the exception of the coastal area 
FIG. 2. Tracks of 15 satellite-tagged bowhead whales in the Chukchi Sea from August through December, 2006 through 2008, estimated from a filtered set of 
locations. Locations more than 200 km apart are connected with dashed lines. 
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from Cape Schmidt to the Bering Strait along the north 
side of the Chukotka Peninsula (Miller et al., 1986; Moore 
et al., 1995). Our objective is to describe the movements 
of 19 satellite-tagged bowhead whales within the Chukchi 
Sea between September and December in 2006 – 08. We 
describe the location and timing of bowhead whale move-
ments and identify areas where whales spend time, presum-
ably feeding. 
MeThoDS
Study Area
To allow for comprehensive analyses of bowhead whale 
movements within the Chukchi Sea, the study area covered 
all of the Chukchi Sea, including the western region of the 
Beaufort Sea (near Point Barrow, Alaska) and the northern 
region of the Bering Sea (Fig. 1).
Lease Sale 193 covers ~120 000 km2 of the Chuk-
chi Sea and is located between 69˚ and 73˚ N latitude and 
156˚ and 169˚ W longitude (U.S. Federal Register 73 Janu-
ary 2, 2008; Fig. 2). The lease area excludes a 25 – 80 km 
wide corridor along the Chukchi Sea coast of Alaska. Water 
depth within the majority of the lease area varies from 
~30 to 80 m; however, the northeastern corner of the lease 
area includes the Arctic Basin, which is more than 2900 m 
deep. The lease area is partitioned into 5354 blocks, most of 
which are 2304 ha in size. As of 2009, 487 of these blocks 
had been leased for petroleum exploration and extraction; 
more blocks may be leased in the future. 
Tagging
We used the satellite-linked transmitter attachment and 
deployment system developed by the Greenland institute of 
natural resources (heide-Jørgensen et al., 2001, 2003) to 
deploy tags on bowhead whales, and the Argos system of 
satellites to obtain data from the tags. We used two types 
of tags: the SPoT tag, from which only estimated locations 
of whales are obtained, and the SPLASh tag, from which 
both estimated locations and dive behavior are obtained; 
both types of tags were manufactured by Wildlife Comput-
ers (redmond, Washington, uSA). 
each SPoT transmitter was housed inside a stainless 
steel cylinder (20 mm diameter) that was attached to a stain-
less steel anchor shaft (24.5 cm long) with a cutting head 
and flexible barbs (5 cm long) along the shaft to impede 
expulsion from the blubber. The anchor shaft and cylinder 
were implanted beneath the whale’s skin ~21 cm into the 
blubber, leaving ~3.5 cm of the cylinder outside of the skin, 
with a short (15 cm) antenna extending from the top. The 
transmitter, housing, and anchor shaft weighed 240 g. 
The SPLASh transmitter (8.5 × 5 × 2.5 cm) was deployed 
on the surface of the whale’s skin using a stainless steel 
anchor shaft, with a cutting head and flexible barbs (4 cm 
long) along its length, which was implanted beneath the 
whale’s skin. The total length of the transmitter and anchor 
shaft was 23.5 cm, of which 21 cm went into the blub-
ber and 2.5 cm remained above the skin. A short (16 cm) 
antenna extended from the top of the transmitter. The trans-
mitter and anchor together weighed 294 g. in 2008, we used 
a modified shaft on all SPLASH tags. The new shaft had 
the same cutting head and barbs, but the transmitter was 
mounted to a steel plate that swiveled on the shaft, allow-
ing the transmitter to move to the position of least hydro-
dynamic resistance. This transmitter and anchor weighed 
300 g.
We attached the SPoT tags to whales using a 2 m or 
4 m long fiberglass pole system, used as a jab-stick (Heide-
Jørgensen et al., 2003), or an air gun (ArTS, Air rocket 
Transmitter System, see heide-Jørgensen et al., 2001). The 
pole system included a biopsy tip (manufactured by CeTA-
DArT, Denmark), a hollow stainless steel cylinder 2.5 cm 
long and 0.6 cm in diameter with internal barbs, which was 
designed to obtain a skin biopsy during tag deployment 
that could be analyzed to determine the gender of tagged 
whales. When we used the ArTS, the SPoT tag was placed 
into a plastic cylindrical projectile that was loaded into the 
aluminum barrel of the air gun and propelled toward the 
whale using compressed air from a SCuBA tank (heide-
Jørgensen et al., 2001). Penetration depth was controlled by 
a stopper on the plastic projectile when using the air gun and 
by a plastic device that holds the transmitter onto the pole 
when using the pole system. SPLASH tags do not fit into 
the barrel of the ArTS and were deployed only by using the 
fiberglass pole system (Heide-Jørgensen et al., 2003). 
in the fall, we deployed tags from aluminum boats (~5.5–
6.1 m long) with outboard motors, whereas in spring, we 
stood on the nearshore ice edge near Barrow and deployed 
transmitters as bowhead whales passed by. 
Location Processing
Transmitter locations are estimated from the number of 
times the transmitter communicates with Argos satellites 
when the whale is at the surface. The location error is esti-
mated by the Argos system and characterized by “location 
classes” (see Argos, 2008 for a complete description). Loca-
tion classes are only an approximate representation of loca-
tion accuracy (e.g., Vincent et al., 2002). instead of using 
only the locations representing the highest accuracy (2 or 
3), we chose to use all available location classes (B, A, 0, 1, 
2, 3) and a filter developed by Freitas et al. (2008) in R ver-
sion 2.5.1 (available online from R-project.org) to remove 
the less accurate locations. The filter has separate velocity 
and angular components. 
Bowhead whale locations that resulted in swim veloci-
ties greater than 1.94 m/s were removed unless they were 
within 5 km of the previous location. The threshold veloc-
ity of 1.94 m/s was based on direct measurements during 
spring migration and a literature review, which indicated 
that this velocity is the maximum observed migration speed 
of bowheads not fleeing vessels or assisted by currents (Zeh 
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et al., 1993). The angular component of the filter is used to 
remove locations with a high degree of location error that 
fall far from the line of travel, but still within the threshold 
velocity. These locations are essentially outliers, and they 
create “spikes” or acute deviations in the line of travel (e.g., 
Keating, 1994; Freitas et al., 2008). For location i, this devi-
ation is measured as the angle between locations i - 1, i, and 
i + 1. We used the default settings within the Freitas et al. 
(2008) filter; i.e., within 2.5 km of the track line, locations 
resulting in angles below 15˚ were removed and locations 
between 2.5 and 5 km from the track line were removed if 
they resulted in angles under 25˚ (see the manual for Pack-
age “argosfilter” for more detail, available online at cran. 
r-project.org). We then removed locations that fell on land 
to establish the final set of locations used to determine bow-
head whale migratory paths and areas of concentrated use. 
Migration Paths
To determine where tagged whales crossed the Chuk-
chi Sea, we plotted whale locations in ArcGiS and used 
Hawth’s Analysis Tools for ArcGIS developed by H. Beyer 
to combine locations into tracks. (Hawth’s Analysis Tools 
have now been incorporated into “Geospatial Modelling 
environment,” which is available at http://www.spatialecol-
ogy.com/gme/.) To distinguish segments of the track that 
were well known (many locations) from those that were less 
known (few locations), we arbitrarily chose to represent seg-
ments with less than 200 km between locations by a solid 
line and segments with more than 200 km between loca-
tions with a dashed line (Fig. 2). We also report the average 
minimum number of days required to cross the Chukchi Sea 
and to enter the Bering Sea. Because not all whales migrate 
close to the Russian shoreline, we defined whales as having 
crossed the Chukchi Sea when they came within 100 km of 
the Chukotka Peninsula or Wrangel island.
 
Areas of Concentrated Use (Kernel Density Estimation)
We used kernel densities to identify geographic areas 
associated with a high probability of use by bowhead 
whales (e.g., Silverman, 1986; Worton, 1989; Wand and 
Jones, 1995). kernel density estimation is a non-parametric 
method for calculating the probability that an animal occurs 
within a defined area. Such probability distributions are 
also known as utilization distributions (e.g., Kernohan et al., 
2002); however, we use the term “kernel density” because it 
describes the method used to generate the probability dis-
tribution of animal locations. 
When calculating a kernel density, we overlaid each 
whale location with a two-dimensional probability den-
sity function, known as a kernel function. For example, a 
“normal” kernel is based on a normal probability density 
function, which describes the shape of the kernel using a 
mean and a variance. For each dimension, the mean of the 
kernel is equal to the point location in that dimension (i.e., 
the latitude or longitude). however, because each kernel 
corresponds to a single location, the variance of the kernel 
cannot be calculated using standard formulas for variance. 
Therefore, the variance of the kernel, also known as the 
bandwidth, must be estimated by other means (see Band-
width Selection below). The total probability density for any 
location within the study area is calculated by summing the 
individual kernels and scaling in such a way that the final 
kernel density, which includes the probability for all loca-
tions, integrates to 1. kernel densities are often described 
using percent probability contours, which are the contours 
that contain the desired percentage of total probability 
within the smallest area. For example, the 10% probabil-
ity contour contains 10% of the probability of use within 
the smallest area on the surface of the kernel density. This 
results in an inverse relationship between the probability of 
finding a whale location and the value of the contour; i.e., 
a 10% probability contour contains only areas with a high 
probability of use, while a 90% probability contour con-
tains areas with both high and low probabilities of use. if 
we visualized the final kernel density in three dimensions, 
where the height of the surface represents probability of 
use, it would be wider at the bottom and come to a peak 
at the top. The 10% probability contour would surround 
the peak, whereas the 90% probability contour would be 
located lower down. 
When calculating kernel densities in practice, a study 
area is usually divided into grid cells within which individ-
ual kernels are summed. We overlaid the study area with a 
grid of 5 km2 cells that was large enough (135 682 cells) to 
contain the complete kernel density for all whales (Fig. 1). 
The grid had a modified Albers projection that was shifted 
north and west of the standard Alaska Albers projection; 
our projection had a central meridian of 170˚ W and stand-
ard parallels of 65˚ and 75˚ N latitude. 
The number of locations per whale varied from day to 
day. To standardize the contributions of individual whales 
within days, we split the day into four 6-hour periods and 
selected the location with the highest location class within 
each time period. When multiple locations within a time 
period had the same location class, we selected the location 
that was transmitted the earliest, thereby spacing the loca-
tions over time. We then generated a kernel density for each 
whale in each of the four months of our analysis, Septem-
ber–December. To remove density that occurred on land, 
the kernel density was multiplied by a density that had cells 
coded 0 for land and 1 for water. We then rescaled the den-
sity for each whale so that it integrated to 1. 
Tags provided differing amounts of information regard-
ing migration paths and areas of concentrated use because 
their longevity and performance varied. We did not want 
tags that contributed little information to have equal weight 
in the kernel densities, and therefore we weighted the con-
tribution of individual whales according to the number of 
locations used to compute the kernel density for each whale 
within each month. Specifically, on a monthly basis the ker-
nel density within each grid cell was multiplied by the pro-
portion of data contributed by that whale. The cell densities 
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for each whale were then summed to generate a single ker-
nel density for all whales within each month. 
Bandwidth Selection
kernel densities are known to be insensitive to the selec-
tion of the kernel function, but highly sensitive to the selec-
tion of bandwidth (Silverman, 1986). For wildlife studies, 
least squares cross-validation (LSCV) is the most common 
method of bandwidth selection (e.g., Seaman and Powell, 
1996; Seaman et al., 1999; Gitzen and Millspaugh, 2003). 
Based upon simulation studies, LSCV is known to be 
unbiased, but highly variable (Park and Marron, 1990). in 
other words, multiple realizations of the same kernel den-
sity may vary greatly. To overcome this problem, a number 
of alternative methods have been developed for specify-
ing the bandwidth matrix, such as “biased least squares 
cross validation” and “plug-in” estimators (e.g., Wand and 
Jones, 1995). We used Smoothed Cross-Validation (SCV) 
as described by Duong and Hazelton (2005). Assume X is 
a matrix of locations (e.g., latitude and longitude), H is a 
matrix of bandwidths, and G is a pilot bandwidth matrix. 
Assuming a normal (i.e., Gaussian) kernel with a zero mean 
vector and identity covariance matrix (φ), then:
The SCV selector of hSCV is the minimizer of SCV(H). 
The pilot bandwidth matrix, G, is selected by minimizing 
the Asymptotic Integrated Mean Squared Error (AIMSE), 
which is the difference between the density of locations and 
the density estimated with bandwidth matrix H. A closed-
form solution for G is provided in Duong and Hazelton 
(2005). To ease computation, the pilot bandwidth matrix 
contains only the diagonal components of the bandwidth. 
Therefore, pre-scaling or pre-sphering of the data is recom-
mended (Duong and Hazelton, 2005). 
When there are no replications of locations and the pilot 
bandwidth matrix (G) is equal to zero, SCV converges on 
LSCV. In effect, the pilot bandwidth matrix pre-smoothes 
the data to generate a less variable (and more reliable) band-
width. Asymptotic analyses and simulation studies have 
shown that SCV is unbiased like LSCV, but is also less var-
iable than LSCV for a variety of density shapes (Duong and 
Hazelton, 2005). A bandwidth with less variability is desir-
able for our study, as this means the bandwidth will be less 
sensitive to how locations are sampled. We calculated hSCV 
using package ‘ks’ (Duong, 2007) in R version 2.5.1 (availa-
ble online from R-project.org). As recommended by Duong 
and Hazelton (2005), we pre-scaled our data before calcu-
lating bandwidth matrices. 
Assumptions of Kernel Densities 
kernel density estimators are non-parametric and there-
fore make no assumptions about the statistical distribution 
of bowhead whale locations. however, using kernel densi-
ties to infer the importance of geographic areas for bow-
head whales must be done with caution. We implicitly 
assume that our sample of whale locations reflects the true 
distribution of whales, both tagged and untagged. however, 
the movements of tagged whales may not represent those of 
untagged whales, and the probability of receiving a trans-
mission may depend upon whale behavior. For example, 
if whales spend less time at the surface while migrating, 
migration corridors may be underrepresented within the 
sample of locations. even if our sample of whale locations 
TABLe 1. Characteristics and satellite tag information for 19 bowhead whales used for kernel density analyses, including 15 whales 
used to estimate tracks across the Chukchi Sea and oil and Gas Lease Area 193. 
 Whale ID Tagging Date Tagging Location Length (m) Sex Tag Duration w/in Chukchi (d) Used for Track Maps?
 B06-011 12 May 06 Barrow 13.7 M 30 Yes
 B06-031 21 September 06 Barrow 10.6 ? 23 No
 B07-022 29 August 07 Barrow 13.7 F 4 no
 B07-032 29 August 07 Barrow 11.5 F 2 no
 B07-042 29 August 07 Barrow 11.0 ? 16 Yes
 B08-012 12 August 08 Canada  10.7 F 125 Yes
 B08-022 09 September 08 Barrow 12.2 M 37 Yes
 B08-032 10 September 08 Barrow 14.5 ? 73 Yes
 B08-041 19 September 08 Barrow 11.9 ? 1 No
 B08-051 20 September 08 Barrow 10.7 F 3 Yes
 B08-062 20 September 08 Barrow 10.0 ? 102 Yes
 B08-072 20 September 08 Barrow 10.0 M 101 Yes
 B08-082 23 September 08 Barrow 10.0 ? 99 Yes
 B08-091 23 September 08 Barrow 9.1 M 76 Yes
 B08-101 23 September 08 Barrow 10.0 M 99 Yes
 B08-111 23 September 08 Barrow 10.0 M 99 Yes
 B08-121 23 September 08 Barrow 10.0 M 99 Yes
 B08-132 23 September 08 Barrow 10.0 ? 97 Yes
 B08-142 23 September 08 Barrow 13.7 M 99 Yes
 1 SPoT = Tag that provides locations only.
 2 SPLASh = Tag that provides locations and dive data.
SCV (H ) = n−1(4π )−d / 2 H −1 / 2 + n−2 (φ2 H +2G
j=1
n
∑
i=1
n
∑ − 2φH +2G )(Xi − X j )
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is representative of the population, probability of use may 
not accurately reflect the importance of a geographic area. 
Geographic areas with a low probability of use might still 
be important. For example, if whales spend little time 
in migratory corridors, the probability of use will be low 
within those corridors, but they remain important.
reSuLTS
Migration Paths
Locations from 15 of the 19 bowhead whales tagged 
between spring 2006 and fall 2008 were analyzed to deter-
mine their general movements through the Chukchi Sea; 
locations from the remaining four whales were too sparse 
to determine migratory paths (Table 1). Most whales moved 
west through the Chukchi Sea between the latitudes of 71˚ 
and 74˚ N (Fig. 2). Seven whales traveled to Wrangel Island 
before moving south to the coast of northern Chukotka and 
then followed that coast southeastward. The one whale that 
crossed farthest to the north was the only one to go west of 
Wrangel island (~240 km) before heading south to the Chu-
kotka coast. 
Three whales crossed the Chukchi Sea and then returned 
east to Point Barrow, two after traveling ~270 km west and 
one after traveling ~725 km to Wrangel island (Fig. 3). Spe-
cifically, whale B08-10 left Point Barrow for 20 days, first 
moving ~330 km northwest and then south ~360 km to the 
Alaska coast near icy Cape, then back up the coast to Point 
Barrow, where it stayed for 23 days before traveling south-
west along the Alaska coast; this was the only whale that 
did not cross the Chukchi Sea to Chukotka during migra-
tion (Fig. 3). Whale B08-01 left Point Barrow for 19 days, 
moving west ~725 km to within ~30 km of the east coast of 
Wrangel island before returning east to Point Barrow for 32 
days, and then crossed the Chukchi Sea for a second time 
towards Cape Schmidt on the Chukotka Peninsula. Whale 
FiG. 3. Tracks of the three satellite-tagged bowhead whales that returned to the Barrow area after moving west into the Chukchi Sea in 2008. inset shows all 
tracks from Figure 2 (dashed lines) with the tracks that returned to Barrow (bold solid lines) for comparison.
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B08-12 left Point Barrow for six days, moving ~275 km 
west and then returned to Point Barrow for 13 days before 
crossing the Chukchi Sea, also towards Cape Schmidt on 
the Chukotka Peninsula (Fig. 3).
Twelve whales had enough locations to determine how 
quickly they crossed the Chukchi Sea and came within 
100 km of the Chukotka Peninsula or Wrangel island. nine 
whales crossed without pausing, arriving on average within 
7.1 days after leaving Point Barrow (range = 6 – 9 days). 
These whales left Point Barrow between 29 August and 14 
october (average = 18 September) and came within 100 km 
of Chukotka or Wrangel island between 9 September and 
31 october (average = 25 September). 
Three whales did not follow this pattern. B08-07 paused 
for five days over the shelf break ~120 km northwest of Point 
Barrow (Fig. 1) and required 14 days to cross the Chukchi 
Sea (25 September to 9 october). B08-01 crossed the Chuk-
chi Sea twice: the first crossing lasted seven days, while the 
second, longer crossing angled southwest across the Chuk-
chi Sea (Fig. 3), requiring 14 days. B08-10 migrated down 
the Alaskan coast and did not come within 100 km of the 
Chukotka Peninsula until 29 november, 64 days after leav-
ing Point Barrow. 
Most whales that crossed the Chukchi Sea remained 
along the coast of Chukotka until entering the Bering Sea. 
Whales spent an average of 59 days along the coast of Chu-
kotka before entering the Bering Sea (range = 23–90 days). 
The average date of entering the Bering Sea was 5 Decem-
ber, but the entry dates ranged from 6 november to 1 Janu-
ary. On 8 December 2008, the first tagged whale (B08-09) 
reached St. Lawrence island ~8 days after leaving the 
Chukchi Sea. 
Use of Lease Sale Area and Leased Blocks 
Fourteen of the 19 tagged whales transmitted positions 
that were located within the lease area, indicating they 
crossed some portion of it (Table 2, Fig. 2). The five whales 
that did not transmit within the lease area also did not trans-
mit from north or south of the lease area. hence, there is 
no evidence these whales migrated around the lease area. 
Locations within the lease area were recorded near both 
the eastern and western boundaries for eight of the whales 
that crossed it, providing a minimum estimate of the time 
needed for the crossing. Most of these eight whales crossed 
the lease area in less than one a week (median = 5 days); 
however, one whale (B08-07) lingered within the lease area 
for 30 days before leaving, skewing the average duration to 
7.6 days. of the 14 whales that transmitted from within the 
lease area, three spent long periods there (B08-12: 34 days; 
TABLe 3. The number of bowhead whale locations for each whale 
that were used to estimate monthly kernel densities for September 
through December, 2006–08. The year when locations were 
recorded is indicated by the Whale iD (i.e., B06-01 represents 
the first whale in 2006). Twenty locations were collected between 
29 and 31 August; for analysis, these locations were pooled with 
those collected in September.
   Month   
Whale iD August September october november December Total
 
B06-01    55 31   86
B06-03    3  3
B07-02 5 11    16
B07-03 5     5
B07-04 5 47    52
B08-01 5 49 68 54 61 237
B08-02  66 64   130
B08-03  76 120 69  265
B08-04  3    3
B08-05  7    7
B08-06  22 108 79 110 319
B08-07  36 92 66 94 288
B08-08  23 88 86 101 298
B08-09  23 56 35 11 125
B08-10  27 121 110 87 345
B08-11  20 114 104 102 340
B08-12  22 25 25 11 83
B08-13  14 54 58 71 197
B08-14  7  43 83 133
      
Total 20 453 965 763 731 2932
TABLe 2. Timing and duration of locations from satellite-tagged 
bowhead whales within oil and Gas Lease Sale Area 193 in the 
Chukchi Sea. 
Whale iD # Locations1 Starting Day ending Day Duration (d)2
B06-01 76 15 october 06 19 october 06 5
B07-04 8 31 August 07 02 September 07 3
B08-01 9 31 August 08 31 August 08 1
   5 10 September 08 12 September 08 3
   14 18 october 08 25 october 08 8
B08-02 44 13 September 08 19 September 08 7
B08-03 55 11 September 08 15 September 08 5
B08-053 7 23 September 08 23 September 08 1
B08-06 10 25 September 08 29 September 08 5
B08-07 79 26 September 08 25 october 08 30
B08-08 55 26 September 08 29 September 08 4
B08-09 44 26 September 08 29 September 08 4
B08-104 113 26 September 08 01 october 08 6
   66 03 october 08 05 october 08 3
   17 07 november 08 08 november 08 2
   1 09 november 08 09 november 08 1
   10 12 november 08 14 november 08 3
   94 15 December 08 25 December 08 11
B08-11 24 26 September 08 27 September 08 2
B08-12 137 25 September 08 25 october 08 31
   5 18 December 08 20 December 08 3
B08-135 19 26 September 08 28 September 08 3
1 The sets of locations for distinct periods when individual whales 
were located in the lease area are listed in separate rows.
2 Durations were calculated as the number of days between the 
first and last recorded locations within the lease area; because 
locations were not necessarily received daily, durations are 
minimums.
3 This tag stopped transmitting within one day of entering the 
lease area. 
4 This whale did not travel across the Chukchi Sea to Chukotka, 
but rather traveled south along the Alaska coast; see Fig. 3.
5 This tag stopped transmitting within the lease area and began 
transmitting again on 10 october 2008 off the coast of 
Chukotka. 
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B08-07: 30 days; and B08-10: 26 days; Table 2). Time spent 
in the lease area by the other 11 whales ranged from 1 to 12 
days (Table 2). 
of the 14 whales that crossed some portion of the 
lease area, all but one then traveled farther west to Wran-
gel Island or Chukotka. The exception was whale B08-10, 
which first passed across the northern boundary of the lease 
area and then turned and traversed the lease area from north 
to south before returning to Point Barrow (Table 2, Fig. 3). 
After leaving Point Barrow on 6 november, this whale 
then migrated down the coast of Alaska, moving back and 
forth across the southwest border of the lease area six times 
between September and December (Table 2, Fig. 3). Some 
whales did not provide enough locations to determine how 
they traversed the lease area; however, it is known that they 
spent time there. For example, B08-12 spent 31 days in the 
lease area before leaving and then re-entered for at least 
three more days (Table 2, Fig. 3). 
Locations from five whales fell within the leased blocks 
of the lease area. The earliest date when a whale was located 
within the leased blocks was 16 october in 2006 and 13 
September in 2008; one whale (B07-04) was located in 
the lease area in 2007, but it remained there for only three 
days, and none of its locations fell within a leased block. 
The duration of a whale’s stay within the leased blocks 
ranged from less than one day to four days. These durations 
are negatively biased because they do not include the time 
within the leased blocks before the first and after the last 
recorded locations. 
Kernel Density Estimation
We received 18 458 locations from the 19 tagged whales. 
A total of 5369 locations were removed by filtering (Freitas 
et al., 2008), and an additional 785 locations were removed 
because they fell on land. After selecting the highest loca-
tion class for each six-hour time period, we had a sample 
of 2932 locations for estimating kernel densities (Table 3). 
in total, 20 locations from four whales were collected in 
August. These locations were insufficient to estimate a 
FIG. 4. Contours showing the probability of use (%) by bowhead whales in September, 2006–08. 
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separate density for August, so we pooled them with loca-
tions from September. Some whales contributed only a few 
locations (less than 7), and these whales contributed little 
to the monthly kernel densities because we weighted the 
contribution of each whale by the number of its locations. 
For example, there were only three locations for whale 
B08-04 in September (Table 3), resulting in a weight of only 
0.006, which accounted for less than 1% of the kernel den-
sity for all whales in September.
in September, the highest probability of use was con-
centrated northeast of Point Barrow and extended to the 
east and west, south of the shelf break and the 200 m iso-
bath (Fig. 4). Most whales were crossing the Chukchi Sea 
in September, en route to Wrangel island and Chukotka. 
Because whales did not pause in the central Chukchi Sea, 
the migratory corridor is characterized by a low probabil-
ity of use (Fig. 4). in october, probability of use was high-
est northeast of Point Barrow and along ~600 km of the 
Chukotka coast (Fig. 5). An area centered east of Wrangel 
island had a moderate probability of use. in november, the 
highest probability of use continued to be located along the 
Chukotka coast, but extended farther south than in October 
(Fig. 6). Probability of use was highest near Cape Serdtse-
kamen, but stretched from ~75 km northeast of Vankarem 
to the Bering Strait. By December, use was most concen-
trated along the coast of Chukotka, from Cape Serdtse-
kamen to the Bering Strait (Fig. 7). 
Use of Lease Area and Leased Blocks
There was a low density of bowhead whales within the 
lease area during September–December. The lease area was 
used most in September, when the area contained 31% of the 
total probability of use for all whales. however, areas with 
the highest probability of use were located in the northeast-
ern section of the lease area, not where the leased blocks 
were located. Leased blocks contained only 2% of the total 
probability of use (Fig. 4) by bowhead whales. in october, 
the entire lease area contained 7% of the total probability of 
use for all whales (Fig. 5), with only 1% of the probability of 
FIG. 5. Contours showing the probability of use (%) by bowhead whales in October, 2006–08.
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use contained within the leased blocks. in november, most 
of the whales were located along the coast of Chukotka; the 
lease area contained only 2% of the total probability of use, 
and the leased blocks contained less than 1%. In December, 
the probability of use within the lease area increased to 5%. 
however, whales were located mostly south of the leased 
blocks, and again, the leased blocks contained less than 1% 
of the probability of use.
DiSCuSSion
Limitations of the Data
ideally, the behavior of the satellite-tagged bowhead 
whales would be representative of the population. however, 
our sample size was small (n = 19) relative to the size of the 
population (~10 470; George et al., 2004); 17 of 19 whales 
were tagged at the same location and time of year (i.e., near 
Point Barrow in September); and although the sex ratio was 
2:1 (8 males and 4 females) for the whales in which gender 
was determined, 15 of the 19 tagged whales were imma-
ture (< 13 m). Tagging a representative sample of sizes (i.e., 
ages) is important, because the Western Arctic popula-
tion of bowhead whales migrates in pulses of similar-sized 
whales (Nerini et al., 1987; Huntington and Quakenbush, 
2009a, b), and size has been determined to be an important 
factor in the timing of bowhead whale movements (koski 
and Miller, 2009). Whalers from St. Lawrence island have 
observed large whales arriving first at St. Lawrence Island 
in December and smaller ones arriving later (noongwook 
et al., 2007). The whales we tagged were small (range = 
9.1–14.5 m; Table 1), and we know from harvest dates that 
some whales reached St. Lawrence island one to two weeks 
before the tagged whales did in 2008. 
More than half of the whales (11 of 19; Table 1) were 
tagged at one location (Point Barrow) during a five-day 
period in late September, and thus we likely missed earlier 
and later migrating groups. Future tagging should therefore 
include immature and mature whales of both sexes, tagged 
FIG. 6. Contours showing the probability of use (%) by bowhead whales in November, 2006–08.
300 • L.T. QUAKENBUSH et al.
at different locations and at different times, to reduce poten-
tial bias in inferences on movements, use areas, and the 
timing of migration. however, even if a representative sam-
ple of the population is tagged, the timing and location of 
whale migration may be subject to variability in zooplank-
ton productivity or concentration, sea ice, weather, and cur-
rents. Because sea ice has declined in parts of the Chukchi 
Sea (Moore and Laidre, 2006), the behavior we observed 
between 2006 and 2008 may differ from past behavior. 
For example, tagged whales remained in the Chukchi Sea 
through the month of December in 2008, possibly because 
of lighter sea ice coverage in recent years.
 
Migration Paths
Tracks of satellite-tagged bowhead whales in the Chuk-
chi Sea from September to December showed that the gen-
eral fall movement was from Point Barrow to the west or 
northwest. At least seven whales traveled to an area east or 
north of Wrangel island and then moved southwest to the 
northern Chukotka coast (Fig. 2). Subsequently, all but one 
whale traveled slowly southeastward along the northern 
Chukotka coast, typically within 100 km of shore. Three 
whales that returned to Point Barrow also traveled ini-
tially in a westerly (B08-01 and B08-12) or northwesterly 
(B08-10) direction; however, upon their second departure 
from Point Barrow, two traveled west-southwest (B08-01 
and B08-12) and one traveled southwest (B08-10). For four 
whales, the direction of migration could not be determined 
(Table 1). 
kernel densities showed that areas with the highest 
probability of use were near Point Barrow and the north-
east Chukotka coast; the area along the east coast of Wran-
gel island also had a moderate probability of use. The only 
whale that did not travel southeast along the Chukotka coast 
traveled southwest on the Alaska side of the Chukchi Sea 
(B08-10, Fig. 1); this whale was one of seven tagged whales 
estimated to be ~10.0 m in length, and it was not differ-
ent from other tagged whales in this size class from what 
we could determine. in 2008, shore-based observers near 
FIG. 7. Contours showing the probability of use (%) by bowhead whales in December, 2006–08.
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uelen, Chukotka, began seeing bowhead whales in mid-
November (Zdor, 2008). These observations corresponded 
with the increase in probability of use by the tagged whales 
near uelen between october and november (compare 
Figs. 5 and 6). 
Two of the three whales that returned to Point Barrow 
after entering the Chukchi Sea traveled northeast along the 
Alaska coast near Icy Cape (Fig. 3); the third whale passed 
near icy Cape on its way southwest after leaving Point Bar-
row. Whales observed near icy Cape in past summers were 
thought to be migrating south near the Alaska coast (Ljung-
blad et al., 1986; Moore, 1992), yet movements of tagged 
whales indicate some may be returning northeast to Point 
Barrow before later migrating west across the Chukchi Sea. 
nine of 12 tagged bowhead whales crossed the Chukchi 
Sea between Point Barrow and Wrangel island or the Chu-
kotka coast in 6 – 9 days (average = 7.1 days). one whale 
paused for five days and took a total of 14 days to cross. 
Another (B08-01) crossed twice, taking seven days for the 
first northwest crossing and 14 days for the second, south-
west route. one whale (B08-12) did not cross the Chuk-
chi Sea and instead migrated down the Alaskan coast and 
reached the Chukotka coast near the Bering Strait 64 days 
after leaving Point Barrow. Travel time slowed considerably 
and movements were less direct once whales reached Chu-
kotka. Whales spent an average of 59 days along the coast of 
Chukotka before entering the Bering Sea (range = 23–90 d). 
Whales leaving Point Barrow later in the season tended to 
bypass Wrangel island and travel directly to the Chukotka 
coast. For example, the three whales that migrated west 
from Point Barrow and subsequently returned there left 
Point Barrow for the second time between 13 october and 
6 november and did not migrate back to Wrangel island 
(Fig. 3). in contrast, all other whales but one left Point 
Barrow by 25 September (average = 22 September; range = 
1 September–14 october), and all of these whales migrated 
past Wrangel island. 
Identified Areas of Importance
We used kernel densities to identify areas where bow-
head whales spent more time; those areas were located 
near Barrow, east of Wrangel island, and along the Chu-
kotka coast. We suspect that areas characterized as having 
a high probability of use are important to bowhead whales 
for feeding. Concentrations of zooplankton are likely nec-
essary for bowheads and other large baleen whales to feed 
efficiently in order to meet their energy requirements (Ken-
ney et al., 1986; Lowry, 1993). Euphausiids are not thought 
to be produced in the Chukchi Sea but are advected from 
the Bering Sea (Siegel, 2000). Because euphausiids and 
other zooplankton are carried on currents, they can be con-
centrated by physical factors such as wind, bathymetry, and 
upwelling, and by oceanographic factors such as tempera-
ture and salinity (Berline et al., 2008). Feeding areas may 
have the physical and oceanographic factors necessary 
to concentrate prey each year; however, the variability in 
some of these factors may cause timing of prey concentra-
tion within years to be sporadic. Stomach contents of bow-
head whales harvested there indicate that Point Barrow is 
a fall feeding area (Lowry and Frost, 1984; Lowry et al., 
2004), and euphausiids (mostly Thysanoessa raschii) are 
the most common prey item (Lowry, 1993; Lowry et al., 
2004). Physical and oceanographic factors near Point Bar-
row apparently concentrate zooplankton and develop favo-
rable feeding conditions for bowhead whales intermittently 
from July through october. These factors include persistent 
winds from the east that push the Alaska Coastal Current 
offshore from Barrow Canyon, bringing zooplankton onto 
the shelf from upwelling northeast of Point Barrow. if winds 
lessen or shift south or southwest, the Alaska Coastal Cur-
rent returns, trapping and concentrating zooplankton north-
east of Point Barrow on the Beaufort Sea shelf (Ashjian et 
al., 2010).
 Physical and oceanographic factors may concentrate 
zooplankton along the Chukotka coast just as they do near 
Point Barrow. There is independent evidence that Chuko-
tka coastal areas are also important for feeding. Bowhead 
whales have been observed in many years along the north-
ern coast of Chukotka from mid September to mid october 
(Johnson et al., 1981; Marquette et al., 1982; Melnikov and 
Bobkov, 1993; Moore et al., 1995; Ainana et al., 1997; Meln-
ikov et al., 1997; Bogoslovskaya, 2003). Moore et al. (1995) 
encountered a large number of bowhead whales feeding 
between Cape Schmidt and Vankarem in october of 1992 
and 1993. in 1993, a net tow for plankton found abundant 
euphausiids (T. raschii) associated with a sharp salinity gra-
dient where bowhead whales appeared to be feeding. 
Although little is known about the currents and condi-
tions of the area near Wrangel island, telemetry studies of 
beluga whales (richard et al., 2001) and ringed seals (see 
beaufortseals.com/telemetry.htm) indicate these two species 
also spend more time in this area relative to other areas in 
the Chukchi Sea in the fall. Since beluga whales and ringed 
seals presumably spend their time there in order to forage, 
this area may also have the physical and oceanographic fac-
tors necessary to concentrate zooplankton that result in 
concentrations of fish and other invertebrate prey. 
however, like Point Barrow, feeding areas with dense 
concentrations of high-quality zooplankton likely persist for 
relatively short periods of time because of changing physi-
cal and oceanographic conditions. Thus, whale movements 
within seasons may, in part, be a response to dynamic local 
foraging conditions. For example, when conditions are unfa-
vorable for concentrating prey near Point Barrow, they may 
be favorable near Wrangel island or the Chukotka coast.
knowing where good feeding areas were in the past, and 
actively sampling prey in the present, may be how bowhead 
whales find feeding areas. Bowhead whales are extremely 
long-lived (> 100 yrs; George et al., 1999; George and Bock-
stoce, 2008) and could remember where good feeding areas 
were located in the past; hence, experience probably plays a 
role in deciding where to search for prey at certain times of 
year. Kenney et al. (2001) hypothesized that Atlantic right 
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whales return to feeding areas based on experience, imply-
ing that learning is important. Yet, the results of real-time 
foraging most likely influence the areas bowhead whales 
select; the whales probably do not remain in areas where 
zooplankton is scarce. 
Although our data on whale behavior may fit this hypoth-
esis, we have no information on the availability of concen-
trated prey that we can correlate directly with tagged whale 
movements. Without data on prey concentration, we cannot 
say for sure what motivated the tagged whale movements, 
and we acknowledge that other factors, such as seismic sur-
veys could explain the irregular movements of B08-12 (see 
Movements Relative to Disturbance below). however, we 
know of no industrial activities that may have affected two 
other whales that demonstrated similar behavior (B08-01 
and B08-10). 
Hence, on the basis of areas identified as important by 
our kernel density maps, substantial observations from the 
early 1970s to the present, and oceanographic characteris-
tics (i.e., features favoring advection and trapping of zoo-
plankton), we suspect that the areas where tagged bowhead 
whales spent more time are important for feeding. Although 
areas of high probability of use are likely important to bow-
head whales, areas of low probability of use may also be 
important. For example, kernel density maps are not use-
ful for identifying migratory corridors. kernel densities are 
based upon the number of satellite locations per whale per 
month. Because whales moved quickly between areas of 
concentrated use, migratory corridors contained few loca-
tions and therefore exhibited a low probability of use. 
Movements within the Lease Area 
All 19 tagged bowhead whales that were tracked leav-
ing Point Barrow likely traveled through some portion of 
the lease area (Fig. 2). Fourteen bowhead whales transmit-
ted enough locations to determine how they passed through 
the lease area, and five transmitted locations within the 
leased blocks, where oil exploration activity has occurred 
or is likely to occur. Generally, however, the probability that 
bowhead whales would use the lease area during the months 
examined was low (range: 2% to 31%), with the highest 
probability of use in September. The temporal pattern was 
similar for the leased blocks, although the probability of 
use within those blocks (1% or less) was much lower than 
that for the lease area as a whole. Movements and behavior 
of tagged bowhead whales in this study indicated that the 
greatest potential for disturbance from industrial activities 
is near Point Barrow in September and october and in the 
lease area in September. 
Movements Relative to Sea Ice
An important question is how the extent or thickness of 
sea ice may have affected the fall movements of bowhead 
whales in the Chukchi Sea. ice maps from the Advanced 
Microwave Scanning Radiometer–EOS (AMSR-E) project 
at nASA (available from the national Snow and ice Data 
Center, http://nsidc.org) show that the Chukchi Sea was 
virtually ice free until 1 november 2008. By 1 november, 
sea ice with 90% or greater coverage had formed within 
100 km west of Wrangel island and within 100 km north of 
Point Barrow. By 15 November, sea ice with 90% or greater 
coverage had formed at Point Barrow, encompassed Wran-
gel island, and formed along the coast of Chukotka as far 
south as Cape Serdtse-kamen (Fig. 8). however, the central 
Chukchi Sea was still ice free, and sea ice did not extend far 
from the Alaska coast. By 1 December, the entire Chukchi 
Sea was covered by sea ice with a concentration of 90% or 
greater. 
Although bowhead whales generally preceded the pro-
gression of sea ice as they migrated from the Chukchi Sea 
into the Bering Sea, there is no evidence that sea ice con-
ditions dictated their fall movements. With their perched 
blowholes, bowhead whales do not need much open water 
to breathe, and they have been known to break through at 
least 18 cm of sea ice (George et al., 1989). Visual inspec-
tion of MoDiS ice images (available from nASA at: modis.
gsfc.nasa.gov) suggested that the sea ice in the Chukchi Sea 
was highly fractured during our study period. George et 
al. (1989) also observed that during their spring migration, 
whales did not avoid sea ice that was thicker and more exten-
sive than the ice that was present in fall during this study. 
however, the presence of sea ice may lessen the effects of 
wind on ocean currents that affect upwelling, which may 
alter the way in which krill concentrate and therefore the 
quality of forage in a given area (Moore and Laidre, 2006). 
Sea ice does not seem to directly control the movement of 
bowhead whales, except that whales avoid areas of continu-
ous shorefast ice; however, sea ice does limit light penetra-
tion and wind-driven upwelling, and thus controls whale 
movements by influencing prey availability. 
Movements Relative to Disturbance
human disturbance from seismic activities or shipping 
could have affected the movements of bowhead whales dur-
ing the study period. in 2006, a 2-D seismic survey occurred 
within the northeast portion of the lease area between 13 
october and 11 november (Funk et al., 2007). Whale 
B06-01 passed through the seismic survey area sometime 
between 15 and 19 october while migrating between Bar-
row and Chukotka. We do not know where the seismic ship 
was located when B06-01 passed by and cannot comment 
on how seismic activity may have affected movements of 
this whale. in 2007, a 3-D seismic survey was conducted 
within the leased blocks between 28 August and 10 Sep-
tember (ireland et al., 2009). During this survey, B07-04 
migrated from Barrow to Chukotka, crossing the Chukchi 
Sea farther north than any other whale. Satellite locations 
indicated B07-04 was never closer than ~175 km to seismic 
activity; whether seismic activity altered the whale’s migra-
tory route is unknown. in 2008, a lower-energy seismic sur-
vey (used to detect possible hazards to drilling that are on 
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or just below the bottom) was conducted in the Chukchi Sea 
between 7 September and 31 october. This survey occurred 
within a 2000 km2 area surrounding the klondike Prospect, 
~125 km northwest of icy Cape, in the southern portion of 
the lease area (Brueggeman, 2009). Shallow hazard surveys 
use less energy and produce less noise than the 2-D or 3-D 
seismic arrays used for deep surveys. Although no bowhead 
whales were observed within this survey area, B08-12 was 
moving west on 27 September after leaving Point Barrow 
two days earlier and was no more than ~90 km away from 
the survey area when it reversed direction and returned to 
Point Barrow (Fig. 3). Although the level of noise produced 
during shallow hazard surveys would be less likely to affect 
the movements of a whale ~90 km away than 2-D and 3-D 
seismic operations, it is possible that whale B08-12 turned 
around as a result of seismic activity. The majority of whale 
movements we documented were outside of the areas and 
time periods of any seismic activity. however, even when 
whales are near survey areas, assessing whether whale 
movements are affected by seismic activity will require 
a cooperative approach. The precise locations of seismic 
ships conducting surveys are often proprietary knowledge 
to prevent one company from knowing the specific lease 
blocks another company is interested in. 
Future Disturbance and Mitigation Measures
We calculated the spatial and temporal probability of use 
of the Chukchi Sea by satellite-tagged bowhead whales and 
identified specific areas and times of possible interaction 
between industrial activities and bowhead whales. With this 
information, preliminary strategies could be developed for 
mitigating the effects of oil and gas activities and shipping 
on whales in the Chukchi Sea. Measures that would mini-
mize disturbance include adjusting the timing of oil and gas 
activities and the location of shipping lanes to avoid con-
centrations of bowhead whales. 
Drilling is currently planned to begin within the lease 
area in 2010 (MMS, 2009). in addition to the blocks cur-
rently leased, two more sales are scheduled for the lease 
FIG. 8. Southern extent of sea ice with 90% or greater concentration in the Chukchi Sea.
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area (i.e., Chukchi Sea Sales 212 in 2010 and 221 in 2012; 
MMS Alaska Lease Sales Schedule available online at 
http://www.mms.gov/LD/Aksales.htm) that may result in 
more leased blocks, 3-D seismic exploration, and develop-
ment activity. Although most industry activity is currently 
on the Alaska side of the Chukchi Sea, high potential for 
oil on the russian side, in the north and South Chukchi 
basins, has also produced keen interest from industry, and 
seismic surveys were conducted there in 2006 (available 
online from http://www.geo365.no/thearctic/russian_ch/). 
The north Chukchi Basin includes the area northeast of 
Wrangel island, where the northernmost bowhead whale 
tracks crossed the Chukchi Sea. The South Chukchi Basin 
includes the area offshore of the northern Chukotka coast, 
where the tagged whales that bypassed Wrangel island 
crossed the Chukchi Sea. Therefore, oil and gas activity 
could increase in areas where concentrated use by bowhead 
whales has been documented. 
Shipping is expected to increase as the ice-free season 
lengthens (ACIA, 2004; Treadwell, 2008) and will likely 
result in more noise and ship strikes. For example, the North 
Atlantic right whale (Eubalaena glacialis), a close rela-
tive to bowhead whales, migrates and feeds along the east 
coast of the united States within busy commercial shipping 
lanes. Ship collisions and propeller wounds are a significant 
source of mortality for north Atlantic right whales in these 
areas (Moore et al., 2004). Similarly bowhead whales will 
likely be susceptible to ship-related injuries should vessel 
traffic increase in the areas they frequent. Areas of high 
importance for bowhead whales (i.e., Point Barrow and 
Chukotka) during September through December generally 
fell within 100 km of shore (Figs. 4–7). Therefore, shipping 
traffic within 100 km from shore at Point Barrow or Chu-
kotka during this time period could cause significant dis-
turbance. Ships traveling through the narrow area west of 
Little Diomede island in november and December would 
also have high potential for encountering bowhead whales. 
We expect the potential for human-whale conflicts to 
increase because the Western Arctic bowhead whale pop-
ulation is increasing (George et al., 2004; Zeh and Punt, 
2005) and sea ice is decreasing. Decreasing sea ice will 
likely lead to more industrial activity, such as petroleum 
exploration and extraction and shipping. Developing mitiga-
tion measures to minimize the impact of industrial activity 
on bowhead whales is therefore both important and urgent. 
We have identified areas within the Chukchi Sea that are 
likely important for a large proportion of the bowhead 
whale population. Although a larger and perhaps more rep-
resentative sample of whale movements may lead to some 
modification of areas of importance, we now have enough 
information regarding the location and timing of bowhead 
use to identify zones of potential conflict between bowhead 
whales and industrial activity. 
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